Abstract-Recent work on fractional-slot pitch, concentrated winding (FSCW) surface PM machines has shown that these machines can achieve a wide constant-power speed range. This paper shows that defining the allowable machine design parameter plane using the characteristic current and the peak back-emf provides useful insights into how application requirements restrict the machine parameters. The parameter plane also shows the influence of changing the parameters on the machine's current rating and magnet losses. As an example of a practical application, the parameter plane is used to study the FreedomCAR traction motor drive requirements and the characteristics of five FSCW surface PM machine designs.
I. INTRODUCTION
Surface permanent magnet (PM) machines with conventional distributed windings have poor field-weakening performance due to their low stator inductance. However recent work on fractional-slot pitch, concentrated winding (FSCW) surface PM machines has shown that these machines have high values of stator leakage inductance which allows them to achieve a wide constant power speed range (CPSR) [1] . This type of machine has potential for demanding traction applications requiring wide CPSR, high power density and high efficiency. This paper examines the requirements of FSCW surface PM machines for the FreedomCAR program traction motors [2] .
The paper firstly covers the optimal selection of the key surface PM machine equivalent circuit parameters using a novel parameter plane approach. This parameter plane is used to show how the FreedomCAR performance requirements constrain the allowable machine design. Earlier research work looking at the optimal selection of PM machine parameters for field-weakening performance have largely focussed on interior PM machines [3] - [5] and treated surface PM machines as simply a special case of an interior PM machine. These earlier studies showed that ideally the characteristic current should be equal to the rated current.
In this paper it will be shown that the machine parameter selection in a surface PM machine is a more complex trade-off in practice.
In addition, this paper will examine the characteristics of five FSCW surface PM machine designs which were developed for the FreedomCAR requirements. It will be shown that the relative locations of the designs in the parameter plane and hence their characteristics can be roughly predicted based on three key machine design parameters : the number of turns, the magnet remanence and the airgap area. Torque pulsations -% of peak torque < 5% < 5%
II. FREEDOMCAR REQUIREMENTS
The FreedomCAR program is a US D.O.E. initiative to develop advanced electric/hybrid vehicles. The FreedomCAR traction motor requirements are illustrated in Fig. 1 and TABLE I. The key motor output power requirements are 30 kW continuous output power over a 5:1 CPSR, and 55 kW peak output power at 20% of maximum speed. TABLE I. shows both the original and an updated version of the requirements [2] which was released recently. The key differences between the two sets of requirements are an increase in the maximum operating speed n max from 10 kr/min to 14 kr/min or greater, and an increase in the desired motor efficiency from 93% to 95%.
Other key machine drive requirements include a maximum motor current of 400 A rms; characteristic current of less than 400 A rms; and an open-circuit back-emf limit of 600 V peak line-to-line at maximum speed.
The last specification corresponds to the maximum dc link voltage due to the PM machine back-emf if control of the inverter switches is lost and the dc link is not able to absorb any regenerated power. The original requirements indicate that this peak back-emf value can be exceeded if "system requirements are met", suggesting that additional protective measures have been implemented to prevent excessive dc link voltages under this fault condition.
The above requirements assume operation with a nominal dc link voltage of 325 V and this value will be used for all the calculations in this paper.
III. SURFACE PM MACHINE PARAMETER PLANE
This section shows how surface PM machine designs can be characterised by two equivalent circuit based parameters: the peak back-emf E p and the characteristic current I x . These two parameters are used to describe the machine design space and to graphically illustrate how the requirements restrict the selection of feasible designs.
A. Definition of Surface PM Machine Parameters
Surface PM machines have two key equivalent circuit parameters: the magnet flux-linkage Ψ m [rms, per phase] and the stator inductance L s . In the following analysis, the effect of stator resistance, iron losses and magnetic saturation is neglected.
The rms q-axis voltage V q and d-axis voltage V d equations are given by : 
The following two machine design parameters which uniquely define a surface PM machine design were chosen: the characteristic current I x , 
where ω em is the electrical frequency at the maximum operating speed. The physical significance of these two parameters is that at the maximum speed, the characteristic current is the short-circuit output current and the peak back-emf voltage is the open-circuit dc link voltage. The voltage equations (1) and (2) can be expressed in terms of the two design parameters (5) and (6) as :
The output power P can be expressed in terms of the peak back-emf using (7) and (8) as :
where m is the number of phases. Note that the ratio of speeds is the same in r/min or electrical rad/s and hence n/n max = ω e /ω em . In (7) to (9) , if the speed is defined as a ratio normalized by the maximum speed, then the equations are independent of the number of poles.
The maximum allowable machine rms phase voltage V o is set by the dc link voltage V dc , where assuming linear modulation,
For a given dc link voltage it is possible to achieve higher phase voltages using overmodulation. However, in practice it is also desirable to have some voltage margin to allow effective current control at high speeds.
The minimum possible machine current to meet a given maximum output power rating P o occurs when the machine is operating at rated voltage, with unity power-factor and 100% efficiency. In this paper this value of current is called the natural current I n and is given by,
The natural current forms a convenient benchmark for comparison purposes.
B. Parameter Plane Calculations
The peak back-emf and characteristic current parameters were chosen to define surface PM machine designs since constraints on these parameters can be readily defined based on the FreedomCAR motor drive requirements.
The peak back-emf of feasible surface PM motor designs is constrained by the 600 V upper limit of the requirement, see TABLE I. The lower limit is constrained by stator current limit of 400 Arms when meeting the P o = 55 kW peak power requirement at 20% of the maximum speed, 0.2n max . The minimum required stator current I for the peak power condition at 0.2n max can be expressed using (9) as,
In addition, the minimum stator current for the 55 kW peak power rating must be greater than the natural current I n , which using (10) and (11) is approximately 138 A. This relationship is illustrated in Fig. 2 which plots the theoretical minimum stator current rating versus peak back-emf E p using (12). The graph also shows the 600 V limitation on peak back-emf and the 400 Arms current limitation on the stator current.
The 400 Arms current limitation is approximately three times the natural current. The figure shows that if the requirements are strictly followed the design range for peak back-emf lies within 571 V ≤ E p ≤ 600 V. This is a very narrow range of feasible designs and Fig. 2 shows that using higher peak back-emf values can significantly reduce the . Theoretical minimum stator current rating versus peak back-emf to meet 55 kW power requirement at 20% of maximum speed. The stator current limit, peak back-emf limit, natural current, and strict design region are shown.
inverter current rating from three times the natural current to values approaching the natural current. This needs to be considered against any increase in the inverter cost due to relaxing the peak back-emf limit [7] .
The second machine parameter, the characteristic current I x , is constrained by the 400 A upper limit of the requirement. The lower limit on the characteristic current is determined by the need to keep the d-axis voltage V d in (8) less than the rated voltage V o . The worst case condition again occurs at the peak output power at 0.2n max , where using (8) and (12) it can be shown that
From (11) it can be seen that the constraint in (13) is equivalent to the characteristic current needing to be greater than the natural current, that is, I x ≥ I n = 138 A. Fig. 3 shows the proposed surface PM parameter plane which plots the peak back-emf as the y-axis and the characteristic current as the x-axis. Every point on this plane represents an alternative surface PM machine design. The figure shows the upper and lower limits on the peak back-emf and characteristic current based on the FreedomCAR requirements as horizontal or vertical lines, respectively. Each line is labelled with the constraint which produces it. The very small resulting feasible machine design space covers machines with 571 V ≤ E p ≤ 600 V and 138 A ≤ I x ≤ 400 A. The effect of relaxing the 600 V peak back-emf maximum limit to widen the design region under investigation will be explored in the next subsection.
C. Maximum Stator Current Contour Plot
This section explores how the maximum stator current to meet both the peak and continuous output power specification is affected by the peak back-emf and characteristic current.
At a given speed, the q-axis stator current was calculated from the desired output power specification shown in Fig. 1 using (9) . The required corresponding d-axis current can be calculated using (3), (7) and (8) to satisfy the voltage constraint in (10), and the total stator current was calculated using (4) . Fig. 4 illustrates the variation of the stator current with speed in order to meet the peak and continuous power ratings for two combinations of peak back-emf and characteristic current values. The q-axis stator current I q is proportional to torque. As a result, it is highest at the peak power point and it falls inversely with speed in the CPSR. The q-axis current is also inversely proportional to peak back-emf and so increasing the peak back-emf by a factor of three reduces the q-axis current by a factor of three. The d-axis current is used for fieldweakening to meet the voltage constraint. No d-axis current is required until the speed is reached at which the terminal voltage reaches the voltage constraint. With high values of peak back-emf, field-weakening is required even at the peak power speed of 0.2n max . The total current is largest either at the minimum or maximum speeds. Fig. 5 shows the peak and continuous stator current versus speed characteristics for a range of peak back-emf and characteristic current values. As shown in the figure, the maximum stator current generally occurs at the 55 kW peak power condition (shown as a square), except for designs with high peak back-emf and high characteristic current where it occurs at the maximum speed. For high values of peak backemf, the current at maximum speed approaches the characteristic current. The curves also show the natural current for the 55 kW condition as a dashed line which forms a lower limit for the stator current under this peak power condition. Fig. 6 shows a contour plot of the maximum stator current on the parameter plane. As shown in Fig. 5 the maximum current is independent of the characteristic current for low values of . Contour plot of maximum stator current on the surface PM parameter plane to meet the FreedomCAR requirements. The strict design region is shown shaded, this is bounded by the maximum peak back-emf, characteristic current and stator current requirements.
peak back-emf. As the peak back-emf increases, the maximum current falls except for high values of peak back-emf and characteristic current. The feasible machine design space is consistent with that calculated in Fig. 3 . This clearly shows that it is challenging to design surface PM machines to meet the specification because of the 600 V peak back-emf constraint. Relaxation of this back-emf voltage limit makes it possible to significantly reduce the maximum current. This paper is focussed on surface PM machines although interior PM machines can also be considered for the FreedomCAR traction application. In [6] it is shown the same parameter plane concept can also be applied to interior PM machines by introducing a third parameter, the saliency ratio (=L q /L d ), and using a similar analysis procedure to that described in Section III. Fig. 7 shows the resulting calculated stator current contour plot for an interior PM machine with a saliency ratio of 4 to meet the FreedomCAR power requirements.
In comparison to Fig. 6 , Fig. 7 exhibits a considerably larger strict design region (shaded) than the surface PM machine and has much lower limits on the allowable values of characteristic current and peak back-emf. These features appear because interior PM machines have both magnet and reluctance torque which gives extra design flexibility to still meet the power requirements while maintaining a low backemf voltage. A disadvantage of the interior PM machine is that the increasing reliance on reluctance torque may degrade the machine's power density as the peak back-emf decreases [7] .
D. Effect of Changing Machine Design Parameters
Each point on the surface PM parameter plane represents a different set of machine equivalent circuit parameters. For a given surface PM machine stator and rotor geometry, the machine's equivalent circuit parameters and, hence, its location on the parameter plane can be varied using machine design parameters such as the magnet flux density B r , number of stator winding turns N and the airgap area A g (see Fig. 8 ). increases the peak back-emf while reducing the characteristic current, resulting in the design moving along a hyperbola in the plane; lines of constant N form straight lines in the plane. Finally, increasing the airgap area A g (proportional to the product of airgap radius and stack length) increases the peak back-emf but does not change the characteristic current.
E. Magnet Losses
Magnet losses are an important consideration in FSCW surface PM machines. More specifically, eddy-current losses in the conductive magnets are caused by magnetic field variations produced largely by the stator winding armature reaction, with also a small contribution from the stator slotting. The magnet losses due to armature reaction are proportional to the square of the product of stator mmf and speed, and the stator mmf is given by the product of the number of turns and the stator current. This subsection examines how the magnet losses due to armature reaction at the maximum speed are affected by the location of the design in the parameter plane. Fig. 9 shows a contour plot of the stator current at maximum speed to meet the 30 kW continuous power requirement. Note that the natural current (11) corresponding to 30 kW is 75 A. Thus, from (13) the characteristic current must exceed 75 A and the minimum stator current must exceed 75 A. For high values of peak back-emf this graph is similar to Fig. 6 since the maximum current in this region is determined by the machine operating characteristics at maximum speed.
As an exercise, a particular surface PM machine design is considered, and the values of B r and N are varied to change its location in the parameter plane. Fig. 10 shows a contour plot of the square of the stator mmf at maximum speed, which is proportional to the magnet losses due to armature reaction. The stator mmf is the product of the stator current at maximum speed (from Fig. 9 ) and the number of turns (from Fig. 8 ). The magnet losses are normalised arbitrarily to a design with a particular combination of peak back-emf and characteristic current (shown as a square).
According to the contours in Fig. 10 , the magnet losses are lowest with a peak back-emf of approximately 300 V and high values of characteristic current since these designs avoid the need for field-weakening and, hence, require the lowest d-axis stator mmf. For values of peak back-emf greater than approximately 600 V, the magnet losses increase rapidly with increases in both peak back-emf and characteristic current and hence the lowest characteristic current and peak back-emf should be used to minimize the magnet losses.
IV. PRACTICAL FSCW SURFACE PM MACHINE DESIGNS
The analysis in the preceding sections has explored how the selection of the surface PM machine equivalent circuit parameters is constrained by the FreedomCAR requirements. The effect of the location of the design in the parameter plane on the required stator current and magnet losses were also investigated. It has been shown that sets of equivalent circuit parameters can be found to meet the requirements, but the design space is limited. However, converting these equivalent circuit values into practical machine designs requires that several additional factors including magnetic saturation, thermal design, and other FreedomCAR requirements such as cost, size and weight must also be taken into account.
While the parameter plane cannot be used directly to design the stator and rotor geometry of a surface PM machine, it can be used to explore the effects of changing key parameters such as the magnet flux density on the performance of a given machine design. In this section, the performance of a variety of surface PM machine designs are investigated that were developed for the FreedomCAR requirements using an FSCW surface PM machine analysis tool coupled with an optimization package.
A. Machine Design Process
A closed-form analytical model [8] was used to calculate the performance of candidate FSCW surface PM machines. At the heart of this model are analytical equations for calculating the two-dimensional airgap magnetic field distribution in surface PM machines where the thickness of the airgap and magnets cannot be neglected. The effects of stator armature reaction fields, stator slotting, radial or parallel magnetization, and nonunity magnet relative permeability are taken into account, although saturation is neglected. A1/A2 A3 P 2 P 3 Using the analytical model, parameters such as the back-emf and inductance can be estimated which allows the calculation of the required stator current to meet the performance requirements. The model can also calculate approximate magnet and iron losses under field-weakening conditions and, hence, predict the machine efficiency.
Finite-element modeling was used to validate the analytical model results and to improve the accuracy of the magnet and iron loss estimation.
A differential evolution algorithm [9] was used for the machine optimization because it is computationally-efficient for finding global minimum solutions when dealing with large numbers of design parameters. The adopted cost function was a sum of the machine material cost and the inverter cost.
The number of slots per pole per phase (SPP) is an important choice for a fractional slot-pitch machines. A value of 2/5 was selected [1] because it offers a high winding factor for good utilization of the permanent magnets, provides a large leakage reactance to produce good field-weakening characteristics, and results in low cogging torque.
The design effort focused on machines with 30 poles which have 30 poles x 3 phases x SPP = 36 slots. The high pole number was chosen to reduce the stator back-iron thickness and to keep the stator slot width to a reasonable value.
B. Location of Designs in Parameter Plane
Using the above design process, five machine designs were found which meet the original (10 kr/min) FreedomCAR output power requirements. The key parameters of these designs calculated using finite-element analysis are given in TABLE II. and Fig. 11 . Fig. 8 . Design A2 has a peak back-emf of 600 V which is the maximum allowed by the requirements.
Design A1 was used to explore the effect of relaxing the back-emf constraint imposed for A2. It has exactly the same electromagnetic cross-section as A2 and the same magnet remanent flux density but has eight turns instead of five. The increase in the number of turns would, by itself, ideally increase the peak back-emf by 60% and reduce the characteristic current by 37%. The design has a slightly shorter stack length (64 mm instead of 68 mm). This gives it an airgap area (proportional to airgap radius times stack length) which is 6% less than A2 and a shear stress which is 7% higher as shown in TABLE II. The estimated location of A1 is shown as a small circle a short distance below the intersection of the 1 T and 8 turns curves. A dotted line is used to show the discrepancy between the estimated and actual locations. This discrepancy is relatively small for the A1 design.
It should be noted that, since the numbers of turns is small and constrained to integer values, fine adjustments of the peak back-emf must be performed during the design process using the stack length and other parameters to meet the performance requirements. This accounts for some of the values in Table II. Design A3 explores the effect of using bonded magnets instead of sintered magnets that are used in the other four designs. Bonded magnets have lower remanence (0.55 T versus 1 T @ 140°C) but have much higher electrical resistivity than sintered magnets (~20x). The latter point is very important in surface PM machine designs where the rotor magnets are directly exposed to high harmonic airgap fields that induce eddy currents in the magnets. The use of high-resistivity bonded magnets can significantly reduce the magnet losses. In addition, the lower magnet remanence allows the use of thinner stator and rotor back-iron which gives a larger airgap radius for the same stator outer diameter. Fig. 12 shows that reducing the remanence to 0.55 T in design A3 substantially reduces both the characteristic current and peak back-emf. To produce equivalent circuit parameters inside the feasible region, the optimisation program increases the number of turns to six and increases the airgap area by approximately 40% with respect to design A2 by increasing both the airgap radius and stack length. This results in an airgap shear stress value which is 2/3 rds of that of A2.
The estimated location of design A3 in Fig. 12 is significantly different than the actual location. Although the estimate of the peak back-emf is accurate, the characteristic current is substantially underestimated (120 A versus 200 A). The reason for this error can be seen in Fig. 11 . The estimation procedure assumes that the cross-section of the machine does not change, but this assumption is violated since the bonded magnets in A3 are much thicker than the sintered magnets in the A2 design. The thicker magnets reduce the inductance and, hence, increase the characteristic current while having only a small effect on the peak back-emf.
Designs P2 and P3 were used to explore the effect of increasing the airgap radius by increasing the stator outer diameter from 269 mm (A2), to 277 mm (P2) to 300 mm (P3). The aim of increasing the airgap radius was to reduce the shear stress and the resulting degree of saturation in the machine. Both designs use sintered magnets. The cross-sections of P2 and P3 are similar to that of A1/A2 apart from the larger stator outer diameter. Their actual locations in the parameter plane (Fig. 12 ) are close to their extrapolated locations based on the A2 parameters. However they both have slightly lower characteristic currents and higher peak back-emfs than estimated.
Inspection of Fig. 11 indicates the lower characteristic current may be caused by an increase in the slot opening depth compared to A2.
This discussion has shown that the key machine design parameters including the number of turns, remanent flux density and airgap area are the primary factors that determine the location of the design in the parameter plane. However, secondary design parameters such as magnet thickness and slot opening depth can also exert significant influences.
C. Stator Current Characteristics
The peak back-emf and characteristic current parameters shown in TABLE II. were calculated using finite-element (FE) analysis. Fig. 13 shows a comparison between the calculated peak and continuous stator current for design A2 when using these parameters in (7)- (9) that ignore saturation effects, in comparison to FE-calculated results. The analytical approach using the FE-calculated parameters (solid line) gives a good correspondence with the FE results (dashed line with circles) at the 30 kW continuous power operation. However, closed-form analysis significantly underestimates the stator current at the peak power operating point due to substantial saturation in the machine for this operating condition. For design A2, the current error at peak power is approximately 55 A. For the other designs the current error at peak power is generally in the range from 55 to 85 A, except for design A3 where it is 150 A. Fig. 14 shows the locations of the five surface PM machine designs in the parameter plane superimposed on a contour plot of maximum stator current shown previously in Fig. 6 . It can be seen that designs A2, A3 and P2 all fall within the strict design region but that designs P3 and A1 exceed the 600 V peak back-emf specification by about 70 V and 350 V, respectively. Although A2, A3 and P2 should theoretically have maximum stator currents below 400 A, saturation causes the FE-predicted maximum stator currents to be in the range from 430 A to 550 A. The highest maximum current is associated with design A3 which suffers very heavy saturation under the peak power operating condition.
In order to meet the 400 Arms stator current requirement, the peak back-emf for design P3 was raised to approx. 670 V to achieve a FE-calculated peak-power current of 390 A that meets the maximum current requirement. In design A1, the peak back-emf was raised even further to 950 V to reduce the calculated maximum stator current to 330 A for peak power.
In addition to minimizing the stator current, it is also desirable for thermal reasons to minimize the maximum current density in the stator winding. The stator current density is proportional to stator current and inversely proportional to the number of turns. TABLE II. shows that the stator current densities for designs A2, P2 and P3 are all in the vicinity of 12 A/mm 2 . Design A1 has a low stator current due to its high value of peak back-emf but a high number of turns (8) raises the current density to 15 A/mm 2 . The current density of design A3 is particularly high (22 A/mm 2 ) due to its high stator current and intermediate number of turns. Fig. 15 shows the location of the five designs on a contour plot of normalised magnet loss as shown previously in Fig. 10 . The values of characteristic current for the five designs are generally less than 300 Arms, helping to minimize the magnet losses. For example, design A1 has nearly the minimum allowable characteristic current which helps to offset the impact of its high back-emf on magnet losses. Note that design A3 uses bonded magnets which lower the magnet losses in this machine compared to the other designs due to the high resistivity of bonded magnets.
Among the five considered designs, design P3 is a promising candidate for meeting the original (10 kr/min) FreedomCAR power delivery and maximum current requirements, although its peak back-emf exceeds the limit by 10%. Considering the remaining requirements in TABLE I., the efficiency requirement is particularly challenging due to the high electrical frequencies of these machines. Continuing investigations are under way focused on design techniques for minimizing the magnet losses and iron losses.
V. CONCLUSIONS
This paper has shown that defining the allowable surface PM machine design space using the characteristic current and the peak back-emf parameters provides useful insights into how application requirements constrain feasible designs. The influence of changing these parameters on the machine's current rating and magnet losses has also been demonstrated. The paper describes the use of the parameter plane concept to examine the ability of a number of concentrated winding surface PM machine designs to meet the FreedomCAR output power requirements. Key results of the paper include:
• A surface PM machine can be usefully categorized by its peak back-emf E p which is the peak line voltage at maximum speed, and its characteristic current I x ; • The peak back-emf has an upper limit set directly by the FreedomCAR requirement and a lower limit set by the maximum stator current at peak power;
• The characteristic current has an upper limit set by the maximum current requirement and a lower limit equal to the natural current due to the rated voltage limit at peak power; • The allowable ranges of E p and I x can be plotted in a parameter plane and used to examine how the equivalent circuit parameters affect the stator current rating of the inverter and the magnet losses; • Relaxing the maximum limit on the back-emf voltage makes it much more practical to meet the FreedomCAR requirements using a surface PM machine; • For a given stator and rotor geometry, changing key machine parameters such as the magnet remanent flux density, number of stator turns and airgap area allows the location of a design in the parameter plane to be optimised; In Section IV, the analytical results developed in the preceding sections were applied to five candidate FSCW surface PM machines. The resulting comparisons illuminate the importance of understanding the interrelationships and tradeoffs between key machine parameters in order to meet demanding sets of performance requirements with FSCW surface PM machines.
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